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Dislocations in decagonal Al70Ni15Co15 and Al73Ni10Co17 were studied by means of diffraction-contrast
imaging and defocus convergent beam electron diffraction techniques in the transmission electron microscope.
In addition to dislocations with Burgers vectors parallel to the periodic and quasiperiodic directions as first
reported by Zhang and Urban @Z. Zhang and K. Urban, Philos. Mag. Lett. 60, 97 ~1989!#, a type of dislocation
was found possessing a Burgers vector with components in the periodic as well as the quasiperiodic direction.
The parallel-space component of this Burgers vector has a length of 2.5 Å. The quasiperiodic Burgers vectors
were found to have parallel-space lengths of 2.9 and 4.7 Å. The Burgers vectors determined are correlated with
interatomic vectors of the structure of decagonal Al-Ni-Co. In addition, dislocation reactions were identified by
the determination of Burgers vectors of dislocations in triple-node arrangements. A model for the dislocation
reaction is proposed which is in accordance with the results of the microstructural studies.
DOI: 10.1103/PhysRevB.69.134105 PACS number~s!: 61.14.Lj, 61.72.Dd, 61.72.Ff, 61.72.YxI. INTRODUCTION
Despite the lack of translational symmetry in quasicrys-
tals it was shown that their plastic deformation behavior is
mediated by a dislocation mechanism.1 Extensive studies
were first carried out on icosahedral quasicrystalline phases.
Investigations of the macroscopic deformation behavior2–4
as well as on dislocations and dislocation arrangements in
differently pretreated and deformed samples4–6 have eluci-
dated the mechanism of plastic deformation in these materi-
als. In recent years, the class of decagonal quasicrystals has
attracted increasing interest. These materials exhibit quasip-
eriodic order along two spatial directions and periodic order
along the third. In the first plastic deformation experiments
on decagonal single quasicrystals distinct anisotropies were
observed.7–10
The decagonal quasilattice may be described as a projec-
tion from a five-dimensional periodic lattice.11–13 The five-
dimensional space consists of two orthogonal subspaces, the
three-dimensional physical or parallel space and the two-
dimensional external or perpendicular space. All physical-
space reciprocal lattice vectors can be written as a linear
combination of five basis vectors. However, six-dimensional
basis vector systems for decagonal quasicrystals have been
proposed as well.14,15 In these systems the perpendicular
space is three-dimensional.
The first investigations on dislocations in decagonal qua-
sicrystals were performed by Zhang and Urban.16 They ob-
served two types of dislocation, with a Burgers vector along
the periodic direction and with a Burgers vector in the qua-
siperiodic plane. The dislocations were analyzed by conven-
tional contrast extinction experiments. Further studies by
means of contrast extinction were performed by several
authors.17–21 In these investigations, the same types of dislo-
cation as reported by Zhang and Urban16 were found. The
direction of the quasiperiodic Burgers vector was determined
to be parallel to P218,19 or to D2 twofold directions19 ~in the
notation of Fung et al.22!.
Along with these contrast-extinction experiments, the0163-1829/2004/69~13!/134105~10!/$22.50 69 1341convergent beam electron diffraction ~CBED! technique was
applied for studies on dislocations in decagonal
quasicrystals.23,24 With this technique not only the direction
but also the length of the Burgers vector can be determined.
The strain field region of the dislocation is illuminated by a
convergent electron beam focused above or below the
sample. If gbÞ0, where b is the Burgers vector of the dis-
location and g a reciprocal-lattice vector, the corresponding
higher-order Laue zone ~HOLZ! line splits into n11 lines
forming n nodes with n5ugbu.25 The sign of n can be de-
duced from the bending direction of the split HOLZ line. If u
denotes the line direction of the dislocation and c the vector
from the sample to the crossover of the electron beam, then n
is positive if the HOLZ line pointed at by u3c shifts in the
direction of the diffraction vector g, and negative if it shifts
to the opposite direction. The Burgers vector b is then ob-
tained by solving a set of linear equations gib5ni for linear
independent diffraction vectors gi and corresponding num-
bers of splitting nodes ni .
The CBED technique, originally developed for crystalline
materials, was extended to quasicrystals by Wang and Chen26
and Feng and Wang.27 The linear equation set then reads
GiB5ni , where Gi and B are the higher-dimensional
reciprocal-lattice and Burgers vectors, respectively. For de-
cagonal quasicrystals five linear independent equations are
needed for the determination of a Burgers vector.
HOLZ line patterns in decagonal quasicrystals have been
studied experimentally and using computer simulations.28
The six-dimensional indexing system of Yan et al.14 for de-
cagonal Al-Ni-Co was used for the simulations. The CBED
technique was applied to the study of dislocations with Bur-
gers vectors in the periodic direction23 as well as along qua-
siperiodic directions.24 In these publications, the Burgers
vectors were expressed in the six-dimensional indexing sys-
tem whereas structure models for decagonal quasicrystals are
formulated based on five-dimensional systems, so that the
relation between the Burgers vectors and the structure of the
decagonal quasicrystal has not been established to date.
This paper presents a detailed study of dislocations in©2004 The American Physical Society05-1
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contrast-extinction experiments as well as by the defocused
CBED technique. Besides dislocations of the known types,
with Burgers vectors along the periodic and quasiperiodic
directions, we report a type of mixed dislocation with a Bur-
gers vector possessing components in periodic and quasip-
eriodic directions. The three types of Burgers vectors ob-
served are determined both in the five- and six-dimensional
notation and identified as interatomic vectors in the structure
of decagonal Al-Ni-Co. We furthermore analyze dislocation
arrangements and identify a specific triple-node junction,
which is shown to be the product of a dislocation reaction.
On the basis of the microstructural analysis we propose a
model of the dislocation reaction, which, in a forthcoming
paper,29 will be shown to determine the macroscopic plastic
behavior of decagonal Al-Ni-Co.
II. INDEXING SYSTEMS
Two different indexing systems will be used throughout
this paper: the six-dimensional system proposed by Yan
et al.14 and the five-dimensional system proposed by Steurer
et al.13 The former system was applied for the simulation and
indexing of HOLZ line patterns used in the CBED technique
for the determination of Burgers vectors. In terms of the
system of Steurer et al.,13 which is widely used in the litera-
ture, various structure models of decagonal quasicrystals
were formulated.13,30–32
A. Six-dimensional indexing system
In the system of Yan et al.,14 the reciprocal lattice vectors
of the decagonal reciprocal lattice are described by a linear
combination of six basis vectors of the forms
e1*5c*~1,0,0 !, ~1a!
ei12* 5a*F0,cosS 2pi5 D ,sinS 2pi5 D G , i50,...,4, ~1b!
with the reciprocal lattice constants c* and a* in the peri-
odic and quasiperiodic direction, respectively. These vectors
are illustrated in Fig. 1~a!. They are the projections of the
six-dimensional basis vectors
FIG. 1. Physical-space components of the six-dimensional re-
ciprocal basis vectors of the system of Yan et al. ~Ref. 14! ~a! and
of the five-dimensional reciprocal basis vectors of the system of
Steurer et al. ~Ref. 13! ~b!. The reciprocal basis vectors of the sys-
tem of Yan et al. ~Ref. 14! are larger than those of Steurer et al.
~Ref. 13! by a factor of t.13410d1*5c*~1,0,0,0,0,0! ~2a!
and
di12* 5a*F0,cosS 2pi5 D ,sinS 2pi5 D ,
cosS 4pi5 D ,sinS 4pi5 D ,S 12 D
1/2G , i50,...,4. ~2b!
The direct basis vectors spanning the unit cell in six-
dimensional space can be written as
d15c~1,0,0,0,0,0,! ~3a!
and
di125
2
5 aF0,cosS 2pi5 D ,sinS 2pi5 D ,
cosS 4pi5 D ,sinS 4pi5 D ,S 12 D
1/2G , i50,...,4, ~3b!
where c51/c* and a51/a*. Yan et al.14 determined the re-
ciprocal lattice constants from electron diffraction patterns.
For the resulting lattice constants of the direct lattice they
obtain the values 2/5a50.98 Å and c54.0 Å. The same re-
flection positions, however, can be described by quasilattice
constants smaller or larger by a factor of t51/2(11A5), the
golden mean, corresponding to a deflation or an inflation of
the basis vector system. In the following, the subscript
‘‘Yan’’ will be used for indices which refer to the system of
Yan et al.,14 e.g., g105(3 0 1 0 0 0)Yan .
B. Five-dimensional indexing system
The indexing system of Steurer et al.13 uses the five re-
ciprocal lattice vectors
ai*5ai*FcosS 2pi5 D ,sinS 2pi5 D ,0G , i51,...4 ~4a!
and
a5*5a5*~0,0,1 !, ~4b!
with the reciprocal lattice constants ai* and a5* in the quasi-
periodic and periodic direction, respectively. These vectors
are shown in Fig. 1~b!. They are the projections of the five-
dimensional basis vectors
di*5ai*FcosS 2pi5 D ,sinS 2pi5 D ,0,cosS 6pi5 D ,sinS 6pi5 D G ,
i51,...,4 ~5a!
and
d5*5a5*~0,0,1,0,0 !. ~5b!
The direct basis vectors spanning the unit cell in five-
dimensional space can be written as5-2
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2
5 aiFcosS 2pi5 D21,sinS 2pi5 D ,0,cosS 6pi5 D21,
sinS 6pi5 D G , i51,...,4 ~6a!
and
d55a5~0,0,1,0,0 !, ~6b!
with ai51/ai* and a551/a5* . The physical space component
of the vector d5 is parallel to the periodic direction and those
of the vectors di span the quasiperiodic plane. In the struc-
ture analysis by single-crystal x-ray diffraction of a decago-
nal Al70Ni15Co15 quasicrystal Steurer et al. determined the
values ai53.794 Å and a554.0807 Å.13 The quasiperiodic
lattice constant 2/5ai51.5176 Å is larger than that of the
indexing system of Yan et al.14 by a factor of about t. The
two indexing systems thus differ not only by the number of
basis vectors used for indexing but also by a scaling trans-
formation in the quasiperiodic plane. In this publication, the
subscript ‘‘Steurer’’ will be used for indices referring to the
system of Steurer et al.,13 e.g., g105(0 0 21 21 3)Steurer .
In the structure model of Steurer et al.13 the five-
dimensional hyperlattice is decorated by five different atomic
surfaces per unit cell. These atomic surfaces are situated on
positions at each fifth along the body diagonal of the five-
dimensional unit cell. An analog to this is found in the de-
scription of the two-dimensional Penrose tiling. In the four-
dimensional description of the Penrose tiling, corresponding
to the five-dimensional description of the decagonal quasilat-
tice, the hyperlattice is decorated by pentagons situated on
positions at each fifth along the body diagonal of the four-
dimensional unit cell. As pointed out by Ishihara and
Yamamoto,33 this decoration introduces a fivefold super-
structure in the four-dimensional hyperlattice.
In the five-dimensional description of the Penrose tiling
corresponding to the six-dimensional description of the de-
cagonal quasilattice, no superstructure is introduced in the
higher-dimensional space. The higher-dimensional lattice is
decorated by one atomic surface, a rhombic icosahedron, per
unit cell.34 However, in the same way as the six-dimensional
description of the decagonal quasilattice this description of
the Penrose tiling is not unique since it contains an additional
degree of freedom.
The transition from the six- to five-dimensional indexing
system of the decagonal quasilattice can be performed as
follows: Consider a six-dimensional vector with the indices
v1 ,. . . ,v6 . Introduce a basis vector system in the six-
dimensional space spanning three subspaces: the three-
dimensional physical space V i , the two-dimensional perpen-
dicular space V’
(1)
, and the additional one-dimensional
perpendicular space V’
(2)
. The former two subspaces repre-
sent the five-dimensional space of the five-dimensional nota-
tion. A vector v may then be written as
v5vi1v’
~1 !1v’
~2 !
, ~7!
where v’
(2) is related to the original six-dimensional indices
v1 ,. . . ,v6 by ~see, e.g., Ishihara and Yamamoto33!13410v’
~2 !5(
i52
6
v i . ~8!
We see that Eq. ~7! reduces to the five-dimensional notation
if the sum of the five quasiperiodic indices v2 to v6 of the
six-dimensional description vanishes.
III. MATERIALS
For the microstructural investigations decagonal single
quasicrystals of the compositions Al70.2Ni15.1Co14.7 and
Al72.9Ni10.4Co16.7 , grown by the Bridgman and the flux-
growth technique, respectively, were used. For simplicity the
two phases will be referred to as Al70Ni15Co15 and
Al73Ni10Co17 in the following. The electron diffraction pat-
terns of these quasicrystals show characteristic features of
the type I superstructure and the basic cobalt phase ~in the
notation of Ritsch et al.35!, respectively. Further details on
the growth and characterization are presented in Refs. 9 and
10.
The microstructure of the quasicrystals was studied in the
as-grown state as well as after uniaxial deformation to strains
of about 0.5% at temperatures in the ductile temperature
range. Thin foils of the material were prepared for transmis-
sion electron microscopy by mechanical grinding followed
by electrochemical etching. The investigations were carried
out in a JEOL 4000 FX electron microscope operated at 200
kV.
IV. EXPERIMENTAL DETERMINATION OF THE
BURGERS VECTORS IN DECAGONAL AL-NI-CO
Figure 2 shows bright-field electron micrographs of dislo-
cations in as-grown decagonal Al-Ni-Co under two-beam
conditions with a diffraction vector parallel ~left column! and
perpendicular to the tenfold axis ~right column!. The bright
field images taken with a diffraction vector perpendicular to
the tenfold axis, i.e., along one of the quasiperiodic direc-
tions, show a pronounced fringe contrast.
Each row of Fig. 2 shows a different type of dislocation.
The contrast of the dislocation in Figs. 2~a! and 2~b! is ex-
tinct using a diffraction vector along a quasiperiodic direc-
tion @Fig. 2~b!#. Using other quasiperiodic diffraction vec-
tors, the dislocation contrast vanishes as well. Hence, the
Burgers vector of the dislocation is parallel to the periodic
axis. In our studies on decagonal Al70Ni15Co15 and
Al73Ni10Co17 dislocations of this type were observed with
line directions predominantly parallel or perpendicular to the
tenfold axis as seen in Fig. 2~a!. Figure 3~a! shows a defo-
cused CBED pattern taken at the upper part of the disloca-
tion with the incident beam close to a D2 twofold direction.
The HOLZ line corresponding to the diffraction vector g4p
5(4 0 0 0 0 0)Yan splits into four nodes, from which we con-
clude that the Burgers vector is of the length of one periodic
lattice constant. For the CBED patterns in Fig. 3, the cross-
over of the incident electron beam lies below the foil. Taking
the line direction u of the dislocation as indicated by the
arrow in Fig. 3~a! we obtain the Burgers vector B(1)
5@21 0 0 0 0 0#Yan5@0 0 0 0 21#Steurer . Throughout the5-3
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axis were always observed to posses a length of one lattice
constant.
The contrast of the dislocation of Figs. 2~c! and 2~d! van-
FIG. 2. Bright field images of dislocations with a Burgers vector
along the periodic direction @~a! and ~b!# along a quasiperiodic di-
rection @~c! and ~d!# and with a periodic and quasiperiodic compo-
nent @~e! and ~f!#. Diffraction vectors parallel to the periodic ~left
column! and a quasiperiodic direction ~right column! were used for
imaging.
FIG. 3. Defocused CBED pattern of the dislocations with the
periodic ~a!, the quasiperiodic ~b!, and the mixed Burgers vector
@~c! and ~d!# of Fig. 2.13410ishes if a diffraction vector along the periodic direction is
used @Fig. 2~c!#. The Burgers vector of this dislocation thus
lies in the quasiperiodic plane. Figure 3~b! shows a defo-
cused CBED pattern of the dislocation with the incident elec-
tron beam close to a zone axis labeled ‘‘I’’ by Yan et al.14
The HOLZ line corresponding to the diffraction vector g8
splits into one node, whereas in the HOLZ lines correspond-
ing to the vectors g11 , g14 , and g18 no splitting occurs. The
splitting behavior of the HOLZ lines of the diffraction vec-
tors g7 , g9 , and g10 was studied as well. The results are listed
in Table I together with the indices of the reciprocal lattice
vectors in the six- and five-dimensional notation. Solving the
linear equation set GiB5ni with the reciprocal lattice vec-
tors in the five and six-dimensional representation yields the
Burgers vector
B~2 !5@0 0 21 21 1 1#Yan ~9a!
and
B~2 !5@21 0 0 1 0#Steurer , ~9b!
respectively. Note that the sum of the quasiperiodic indices
in the six-dimensional notation vanishes. Hence, the six-
dimensional vector directly reduces to a five-dimensional
one. In order to obtain the representation ~9b! referring to the
system of Steurer et al.;13 however, an additional inflation
step has to be performed ~see, e.g., Yan et al.14!.
The parallel-space component ubiu of this Burgers vector
amounts to about 2.9 Å and its perpendicular component
ub’u to 1.8 Å. The strain-accommodation parameter4 z
5ub’u/ubiu of the dislocation amounts to t21.
Another dislocation showing the same contrast extinction
behavior as that in Figs. 2~c! and 2~d! was studied by means
of the defocused CBED technique. The results of the analysis
are listed in Table II. Solving the linear equation set with the
reciprocal lattice vectors in the five and six-dimensional rep-
resentation we obtain the Burgers vectors
B~3 !5@0 1 21 22 0 2#Yan ~10a!
and
B~3 !5@21 21 0 1 0#Steurer . ~10b!
TABLE I. Results of the CBED analysis of the dislocation of
Figs. 2~c! and 2~d!. The indices of the reciprocal lattice vectors G
5gi in the six- and five-dimensional notation as well as the values
of the dot product GiB are shown.
G 6D indices 5D indices GB(2)
g8 ~3,0,0,0,21,0! ~0,21,21,21,3! 21
g18 ~2,0,0,21,0,21! ~0,0,21,0,2! 0
g11 ~3,21,0,0,0,0! ~0,1,1,0,3! 0
g14 ~2,0,21,0,0,21! ~1,1,1,1,2! 0
g7 ~3,0,0,1,0,0! ~1,1,1,0,3! 21
g10 ~3,0,1,0,0,0! ~0,0,21,21,3! 21
g9 ~3,0,0,0,0,21! ~1,1,0,0,3! 215-4
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vector vanishes as well enabling again a direct transforma-
tion between the two indexing systems. The parallel and per-
pendicular component of the Burgers vector amount to 4.7
and 1.1 Å, yielding a strain-accommodation parameter of
t23. Note that the parallel component of this Burgers vector
is larger than that of B(2) by a factor of t.
Figures 2~e! and 2~f! show a dislocation which is in con-
trast for both a diffraction vector parallel and perpendicular
to the periodic axis. The Burgers vector of this dislocation
thus has components both in the periodic direction and along
the quasiperiodic plane. Figures 3~c! and 3~d! show defo-
cused CBED patterns of this dislocation with the incident
beam close to a P2 twofold direction and a zone axis labeled
‘‘J8’’ by Yan et al.,14 respectively. The HOLZ line corre-
sponding to the diffraction vector g4p5(4 0 0 0 0 0)Yan par-
allel to the periodic direction splits into two nodes @Fig.
3~c!#, from which directly follows that the periodic compo-
nent of the Burgers vector amounts to half the periodic lattice
constant. The splitting behavior of the other HOLZ lines de-
picted in Figs. 3~c! and 3~d! suggests gxB5gyB50, g17B51, and g10B52. Further HOLZ lines were studied. The
observed splittings are listed in Table III. Trying to solve the
linear equation set GiB5ni with these values we find that it
has no solution in the five-dimensional notation. However,
the linear equation set can be solved in the six-dimensional
notation which possesses an additional degree of freedom.
We obtain
TABLE II. Results of the CBED analysis of a dislocation show-
ing the same contrast extinction behavior as that of Figs. 2~c! and
2~d!.
G 6D indices 5D indices GB(3)
g8 ~3,0,0,0,21,0! ~0,21,21,21,3! 0
g18 ~2,0,0,21,0,21! ~0,0,21,0,2! 0
g11 ~3,21,0,0,0,0! ~0,1,1,0,3! 21
g14 ~2,0,21,0,0,21! ~1,1,1,1,2! 21
g7 ~3,0,0,1,0,0! ~1,1,1,0,3! 22
g10 ~3,0,1,0,0,0! ~0,0,21,21,3! 21
g9 ~3,0,0,0,0,21! ~1,1,0,0,3! 22
TABLE III. Suggested splittings (GiB(4))8 and corrected val-
ues (GiB(4)) of the dislocation shown in Figs. 2~e! and 2~f! with
the reciprocal lattice vectors G5gi in the six- and five-dimensional
notations.
G 5D indices 6D indices (GB(4))8 GB(4)
gx ~1,1,2,1,2! ~2,0,21,1,0,0! 0 0
gy ~0,2,2,1,2! ~2,21,0,0,1,0! 0 0
g4p ~0,0,0,0,4! ~4,0,0,0,0,0! 2 2
g10 ~0,0,21,21,3! ~3,0,1,0,0,0! 2 1,9
g17 ~0,1,0,0,2! ~2,0,1,0,1,0! 1 0,8
g8 ~0,21,21,21,3! ~3,0,0,0,21,0! 2 2,1
g11 ~0,1,1,0,3! ~3,21,0,0,0,0! 1 1,1
g9 ~1,1,0,0,3! ~3,0,0,0,0,21! 1 1,113410B~4 !85F12 12 12 2 12 2 12 12GYan . ~11!
The sum of the quasiperiodic indices of this vector does not
vanish. However, we can correct this vector by adding a
constant c to all quasiperiodic indices. Owing to the degree
of freedom of the six-dimensional notation this does not
change the physical-space component of the vector. With c
51/10 we obtain
B~4 !5F12 25 25 2 35 2 35 25GYan . ~12!
The dot products of this vector with the reciprocal lattice
vectors are either equal or very close to the values deter-
mined from the CBED pattern ~Table III!. The sum of the
quasiperiodic indices of the corrected Burgers vector B(4)
vanishes. The representation of B(4) in the five-dimensional
indexing system can be obtained either by direct transforma-
tion of the six-dimensional vector ~12! or by solving the
linear equation set with the corrected values GiB, yielding
the vector
B~4 !5F2 15 2 15 2 15 2 15 12GSteurer . ~13!
The parallel-space component of this vector amounts to
about 2.5 Å.
The three different types of dislocations found in the
present study are illustrated in Fig. 4. The physical-space
component of the Burgers vector is shown as a gray arrow in
this schematic representation. The dislocations with the Bur-
gers vector parallel to the periodic direction ~a!, in the qua-
siperiodic plane ~b!, and with a periodic and quasiperiodic
component ~c! will be referred to as periodic, quasiperiodic,
and mixed dislocations, respectively, in the following. It is
important to note that the line direction of the quasiperiodic
and mixed dislocations was always observed to be parallel to
the periodic axis, whereas the line direction of periodic dis-
locations was observed to be preferentially parallel or per-
pendicular to the periodic axis.
FIG. 4. Types of dislocations in decagonal Al-Ni-Co periodic
~a!, quasiperiodic ~b!, and mixed ~c!. The Burgers vector is illus-
trated by a gray arrow.5-5
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IN THE STRUCTURE OF DECAGONAL AL-NI-CO
The Burgers vectors B(1) to B(4) determined experimen-
tally by the defocused CBED technique can be identified as
interatomic vectors in the structure of decagonal Al-Ni-Co
~Ref. 13! according to their component in physical space. For
this we consider a section of the structure of the decagonal
quasicrystal along the quasiperiodic plane. For best illustra-
tion, we chose a six-dimensional basis vector system with
the five basis vectors in the quasiperiodic plane pointing to
the vertices of a pentagonal motif of the structure @vectors
2–6 in Figs. 5~a! and 5~b!#. These basis vectors are larger
than the basis vectors of the system of Steurer et al.13 by a
factor of t and larger than those of Yan et al.14 by a factor of
t2. The indices of the Burgers vectors B(1) to B(4) with re-
spect to the basis vector system are thus obtained from the
indices in the notation of Yan et al.14 by a twofold inflation
operation. For the two quasiperiodic Burgers vectors we ob-
tain the representations
B~2 !5@0 0 0 21 1 0#Yan9 ~14!
and
B~3 !5@0 0 0 21 0 1#Yan9 , ~15!
in the two times inflated basis vector system using the infla-
tion matrix M˜ 21 given by Yan et al.14 The physical-space
components of these vectors are depicted by fat arrows in
Figs. 5~a! and 5~b!. They correspond to vectors between
nearest or second nearest vertices of the pentagonal structure
motif.
The periodic component of the mixed Burgers vector
amounts to half the periodic lattice constant, i.e., this vector
points to the next quasiperiodic plane. For the identification
of the vector we transform the quasiperiodic component to
the t2-times inflated basis vector system as before, and ob-
tain
B~4 !5F12 2 25 35 2 25 2 25 35GYan
9
. ~16!
FIG. 5. Physical space components bi(2) and bi(3) of the two
quasiperiodic Burgers vectors depicted in a section of the structure
of a quasiperiodic plane after Steurer et al.13 @~a! and ~b!# and
physical space component bi(4) of the mixed Burgers vector de-
picted in a section of the projected structure ~c!. The basis vectors
labeled by 2 to 6 are larger than those of Steurer et al. ~Ref. 13! by
a factor of t.13410This vector has noninteger quasiperiodic indices. Hence its
identification in the structure is not as obvious as that of the
quasiperiodic Burgers vectors before. However, we can add
the number 2/5 to all quasiperiodic indices obtaining the vec-
tor @ 12 0 1 0 0 1#Yan9 , which has the same component in physi-
cal space as B(4). This vector can be easily identified in the
structure. Figure 5~c! shows the physical space component of
this vector in a section of the projected structure of decago-
nal Al-Ni-Co. It corresponds to a vector between two nearest
atoms of neighboring quasiperiodic planes.
VI. DISLOCATION REACTIONS
Figure 6~a! shows a bright-field electron micrograph of an
arrangement of dislocations with line directions parallel and
perpendicular to the tenfold axis. This dislocation arrange-
ment was observed in a sample deformed in compression
parallel to the tenfold axis. The dislocation segments marked
by arrowheads labeled e, f, and g meet at a junction. Contrast
extinction studies show that the dislocation segment g has a
periodic Burgers vector whereas the segments e and f have
mixed Burgers vectors. Figure 6~b! shows a weak-beam
dark-field image of the dislocation arrangement. No splitting
of the dislocation lines can be recognized in this image. Fig-
ures 7~a!–7~c! show defocused CBED patterns of the dislo-
FIG. 6. Bright field ~a! and weak-beam dark-field images ~b! of
a dislocation arrangement studied by the defocused CBED tech-
nique. The diffraction vectors are parallel to the periodic axis A10.5-6
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crossover of the incident beam lies below the foil and hence
the vector c between the foil and the crossover points down-
wards, i.e., along the direction of the electron beam. The line
direction u as defined by the arrowheads in Fig. 6~a! and the
direction of the cross product u3c are indicated in the fig-
ures. In the CBED pattern of the periodic dislocation @Fig.
7~c!# only the HOLZ line corresponding to the diffraction
vector g105(3 0 1 0 0 0)Yan is affected by the dislocation
segment. This HOLZ line splits into three nodes. The length
of the Burgers vector thus amounts to one periodic lattice
constant, in accordance with our earlier studies. The deficient
line pointed at by ug3c shifts to the direction opposite to
g10 , which means that the sense of the Burgers vector is
along the negative A10 direction, i.e., Bg
5@21 0 0 0 0 0#Yan . From the CBED patterns of the dislo-
cation segments e and f we read the splittings of the HOLZ
lines as listed in Table IV. Solving the corresponding linear
equation sets we obtain the Burgers vectors Be851/2@1 1
21 21 21 1#Yan and Bf851/2 @1 21 1 1 1 21#Yan . We cor-
rect these vectors as described in Sec. IV, obtaining
Be5F12 35 2 25 2 25 2 25 35GYan ~17a!
and
Bf5F12 2 35 25 25 25 2 35GYan . ~17b!
The sum of the Burgers vectors of all three dislocation seg-
ments amounts to
Be1Bf1Bg50, ~18!
FIG. 7. Defocused CBED patterns taken from the areas contain-
ing the dislocation segments e ~a!, f ~b!, and g ~c! of Fig. 6. The
HOLZ lines are labeled by numbers which correspond to the recip-
rocal lattice vectors listed in Table IV. The line direction u of the
dislocation segment and the direction of the cross product u3c are
indicated by arrows.13410indicating that the analyzed dislocation arrangement is the
product of a dislocation reaction.
In order to elucidate the mechanism of the dislocation
reaction a second dislocation arrangement was studied ~see
Fig. 8!. The dislocation parallel to the tenfold axis with the
segments k and h at the lower and the upper part of the
figure, respectively, forms two junctions, one with each of
the dislocation segments l and m. As before we determine the
Burgers vectors of the dislocation segments by the CBED
technique, obtaining
TABLE IV. Suggested splittings in the CBED pattern of the
dislocation segments e ~a! and f ~b! shown in Fig. 6.
~a!
G 6D indices (GBe)8
g8 ~3,0,0,0,21,0! 2
g18 ~2,0,0,21,0,1! 1
g14 ~2,0,21,0,0,21! 1
g10 ~3,0,1,0,0,0! 1
g15 ~2,1,0,1,0,0! 1
g11 ~3,21,0,0,0,0! 1
g7 ~3,0,0,1,0,0! 1
~b!
G 6D indices (GBf)8
g8 ~3,0,0,0,21,0! 1
g18 ~2,0,0,21,0,1! 1
g14 ~2,0,21,0,0,21! 1
g10 ~3,0,1,0,0,0! 2
g15 ~2,1,0,1,0,0! 1
g11 ~3,21,0,0,0,0! 2
g7 ~3,0,0,1,0,0! 2
FIG. 8. Bright field image of a dislocation arrangement studied
by the defocused CBED technique. The diffraction vector is parallel
to the periodic axis A10.5-7
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and
Bh5Bk5F2 12 35 35 2 25 2 25 2 25GYan. ~19b!
The Burgers vectors of the dislocation segments to the left
and to the right, l and m, as well as those of the segments
below and above the two junctions, k and h, are equal.
VII. DISCUSSION
Three types of dislocations are observed in decagonal Al-
Ni-Co. Dislocations with a Burgers vector along the periodic
direction, with a Burgers vector in the quasiperiodic plane
and with a Burgers vector possessing both a periodic and a
quasiperiodic component. The Burgers vectors were explic-
itly determined in a five- and six-dimensional indexing sys-
tem and identified in the structure of the decagonal quasic-
rystal according to the structure model of Steurer et al.13 The
quasiperiodic Burgers vectors point to the nearest and second
nearest neighbors in the quasiperiodic plane and the mixed
Burgers vector points to the nearest neighbor in the next
quasiperiodic plane below or above. As pointed out by
Steurer et al.13 the pentagonal structure motif in the quasip-
eriodic plane builds up a pentagonal antiprismatic channel in
the three-dimensional structure with the pentagons of the
layers above and below. This pentagonal antiprismatic chan-
nel is known as the basic structural building block of decago-
nal Al-Ni-Co and approximant phases. The Burgers vectors
determined in this study lie either along the edges of the
pentagonal antiprismatic channel or point to the second near-
est vertex ~Fig. 9! clearly showing that they correspond to
basic vectors in the structure decagonal Al-Ni-Co.
The mixed Burgers vector has non-integer quasiperiodic
indices, multiples of one-fifth, in consistence with the five-
fold superstructure in the five-dimensional space. Hence, it is
a partial dislocation in the higher-dimensional space. Accord-
ingly, a stacking fault should be observed in the bright field
images. As Fig. 2 shows we indeed observe a stacking fault
attached to the mixed dislocation. However, we were not
able to systematically extinguish the contrast of the stacking
fault using specific reciprocal lattice vectors for imaging.
This may be due to the inherent structural disorder of the
decagonal phases studied.
Along with the Burgers vector, the dot product GB of the
mixed dislocations shows non-integer values as well, deviat-
ing from integer values by 1/5 or 1/10. In our CBED pattern
FIG. 9. Relation between the periodic ~a!, the quasiperiodic ~b!
and the mixed Burgers vector ~c! and the pentagonal antiprismatic
channel. The latter is an elementary structural building block of
decagonal Al-Ni-Co and approximant phases.13410recorded we were not able to distinguish deviations of this
order of magnitude from the nearest integer values. This is
the first time that CBED pattern of partial dislocations have
been reported for quasicrystals. For crystalline materials,
Tanaka et al.36 simulated defocused CBED patterns of partial
dislocations. In the simulated images the deviation of the dot
product from the integer value is recognized as a slight in-
tensity shift in the HOLZ lines. However, even deviations of
one third from integer numbers can hardly be distinguished
from CBED patterns corresponding to integer numbers.
The quasiperiodic Burgers vectors observed possess
lengths of 2.9 and 4.7 Å and strain-accommodation param-
eters of t21 and t23. The first one corresponds to a Burgers
vector previously reported.24 The ratio of the perpendicular
component of the Burgers vector to the size of the atomic
surface, ub’u/A , is proportional to the number density of
phason defects associated with the dislocation. With a typical
size of the atomic surface amounting to about A51.5 Å for
decagonal Al-Ni-Co,13 we obtain ub’u/A ratios of about 0.7
and 1.2 for the t23 and t21 dislocation, respectively. These
numbers are low compared to dislocations in icosahedral Al-
Pd-Mn. There, Burgers vectors with strain-accommodation
parameters in the range of t3 to t9 are reported,5 yielding
ub’u/A ratios ranging from 1.2 to 5.3, taking the size of the
atomic surface to be about 10 Å.37 This means that disloca-
tions in icosahedral Al-Pd-Mn show a tendency to a higher
density of associated phason defects than those in decagonal
Al-Ni-Co.
The line directions of all the dislocations observed have a
preferential orientation parallel or perpendicular to the peri-
odic axis. The periodic dislocations are observed with both
line directions whereas the dislocations with quasiperiodic or
mixed Burgers vectors are only found with line directions
parallel to the periodic axis. The restriction of the line direc-
tion and the small number of different types of Burgers vec-
tors limits the number of slip systems for plastic deforma-
tion. This has important consequences for the deformation
behavior of the decagonal phase, in particular with regard to
anisotropies.29
A decisive role for the plastic behavior of decagonal qua-
sicrystals is played by the dislocation reaction observed in
the present work.29 Our Burgers vector analysis and Fig. 8
imply the following dislocation reaction ~Fig. 10!: a periodic
and a mixed dislocation meet @Fig. 10~a!#. The components
of the Burgers vectors along the periodic direction are of
opposite sign. The two dislocations react forming a disloca-
FIG. 10. Schematic of the reaction between dislocations with a
periodic and a mixed Burgers vector. The Burgers vector is illus-
trated by a gray arrow. See the text.5-8
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component in the opposite direction @Fig. 10~b!#. Since the
mixed dislocation has a preferential orientation parallel to
the periodic axis, the configuration shown in Fig. 10~c! will
be observed in spite of that in Fig. 10~b!. This configuration
exactly corresponds to that of Fig. 8 as observed in the ex-
periment. Upon reaction, the energy of the configuration is
reduced by the energy cost of the periodic dislocation.
Hence, the dislocation reaction is energetically favorable.
The occurrence of other dislocation reactions in decago-
nal Al-Ni-Co is very limited. Provided that the product of the
dislocation reaction is still a dislocation of one of the three
types observed, only very few dislocation reactions can be
imagined. The reaction between a periodic and a quasiperi-
odic dislocation, for example, can be ruled out because the
resulting Burgers vector would be too large. Mixed disloca-
tions possessing Burgers vectors with one lattice constant in
the periodic direction were never observed in our studies.
Furthermore, we can rule out the reaction between a mixed
and a quasiperiodic dislocation. The quasiperiodic compo-
nents of the mixed Burgers vectors are parallel to P2 two-
fold directions, whereas that of the quasiperiodic Burgers
vectors are parallel to D2 twofold directions. Hence, the sum
of the two would not result in another mixed Burgers vector
of the type observed. Reactions between two periodic dislo-
cations can be ruled out as well except for the case of anni-
hilation, since the sum of two periodic Burgers vectors of the
same sign would be too large. Two conceivable cases re-
main: The reaction of two mixed or two quasiperiodic dislo-
cations. Two mixed dislocations may react forming a peri-
odic dislocation if their quasiperiodic components are
antiparallel and their periodic components are parallel. How-
ever, the dislocation reaction takes place only if it is ener-
getically favorable. In crystals, the elastic energy of a dislo-
cation is proportional to the square of its Burgers vector
modulus.38 The reaction between dislocations with Burgers
vectors b1 and b2 is energetically favorable if (b11b2)2
,b1
21b2
2 ~Frank’s rule! meaning that the two Burgers vec-
tors include an angle smaller than 90°. In quasicrystals both
the parallel and perpendicular-space component of the Bur-
gers vector has to be considered for the calculation of the
dislocation energy.39–42 However, little is known about the
energy contribution of the perpendicular component. Since in
decagonal Al-Ni-Co the perpendicular component of b was13410found to be comparatively small, we restrict our energy con-
sideration to the physical-space component only. For the two
mixed dislocations we find that the dislocation reaction is
then energetically favorable since the Burgers vectors in-
clude an angle of 73°. Reactions between quasiperiodic dis-
locations may take place in two ways.
~a! Two dislocations with a quasiperiodic Burgers vector
of the type B(2) react forming a dislocation with a Burgers
vector of type B(3), e.g.,
@0 0 21 21 1 1#Yan1@0 21 21 1 1 0#Yan
→@0 21 22 0 2 1#Yan . ~20!
~b! Two dislocations with a quasiperiodic Burgers vector
of the type B(3) react resulting in a dislocation with a Burgers
vector of type B(2), e.g.,
@0 2 1 21 22 0#Yan1@0 21 22 0 2 1#Yan
→@0 1 21 21 0 1#Yan. ~21!
In the first case, the physical space component of the result-
ing Burgers vector is longer and in the second case it is
shorter by a factor of t than that of the Burgers vectors of the
reacting dislocations. This means that in our approximation
only the second dislocation reaction is energetically favor-
able. Since the line directions of two quasiperiodic disloca-
tions are always parallel to each other, however, these reac-
tions are expected to occur very rarely.
The line directions between reacting mixed and periodic
dislocations generally are perpendicular to each other, so that
the dislocation reactions are expected to occur frequently.
The dislocation reaction occurs along a small part of the
dislocation line of the mixed dislocation only. The remaining
dislocation segments of the periodic dislocation, e.g., seg-
ments l and m in Fig. 8, can exhibit further reactions with
other mixed dislocations. In this way, a network of periodic
and mixed dislocations builds up. As will be shown in a
forthcoming publication29 this has important consequences
for the deformation behavior of the decagonal phase.
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